Polysialic acid ( polySia) is a large, cell-surface linear homopolymer composed of α2,8-linked sialic acid residues. Most extensively studied in the nervous system, this unique glycan modulates development by enhancing cell migration and regulating differentiation. PolySia also functions in developing and adult immune systems and is a signature of many cancers. In this study, we demonstrated that human placental trophoblasts, an epithelial lineage, also display this glycan. Cytotrophoblasts and syncytiotrophoblasts expressed polySia in the first trimester and downregulated it during the course of pregnancy. PolySia promoted cytotrophoblast migration in an explant model of chorionic villous growth. Removal of this glycan also reduced cytotrophoblast penetration of basement membranes in an in vitro model of invasion. Finally, we showed that polySia was overexpressed in biopsies from patients with gestational trophoblastic diseases, including benign molar pregnancies and malignant choriocarcinomas. These results demonstrated, for the first time, functional roles for polySia during normal human placental development and implicated these unusual oligosaccharides in the unrestrained invasion of trophoblast tumors.
Introduction
Polysialic acid ( polySia) is a cell-surface linear homopolymer composed of α2,8-linked sialic acid residues. This unique glycan regulates cell-cell interactions by two distinct mechanisms enabled by its unusual physical properties, which include impressive size (measuring up to 300+ sialic acid residues) and repeating negative charges. Accordingly, through steric hindrance, polySia modulates the distance between the apposing plasma membranes of neighboring cells, inhibiting the binding of homo-and heterotypic adhesion molecules (Rutishauser 2008) . Additionally, polySia binds to small cationic molecules (e.g., growth factors), modulating their ability to signal through receptors (Zhang et al. 2004; Kanato et al. 2008; Bax et al. 2009; Rey-Gallardo et al. 2010 Li et al. 2011; Ono et al. 2011) . PolySia is synthesized in the Golgi apparatus by two independent polysialyltransferases: ST8SiaII (STX), which is largely restricted to the nervous system, and ST8SiaIV (PST1), which is more broadly expressed, for example, in the immune system and the human placenta (Angata et al. 1997) . Unlike most glycans, polySia modifications have thus far been identified on a limited number of protein scaffolds including the neural cell adhesion molecule (NCAM) (Hoffman et al. 1982; Finne et al. 1983 ), neuropilin-2 (NRP2) (Curreli et al. 2007 ), CD36 (Yabe et al. 2003) , the α-subunit of the voltage-sensitive sodium channel (James and Agnew 1987) and SynCAM1 (Galuska et al. 2010) . Autocatalytic polysialylation of ST8SiaII and ST8SiaIV has also been reported (Muhlenhoff et al. 1996) .
NCAM is by far the best studied of the known scaffolds and the impact of polysialylation on brain development and activity is well understood, in part because of studies in polySia-deficient mice (Hildebrandt et al. 2007 ). In the brain, polySia influences the migration of neuronal progenitors (Ono et al. 1994; Hu et al. 1996; Seki et al. 2007 ) and some mature neurons (Murakami et al. 2000) . Additionally, the glycan modulates contact-dependent differentiation. For example, removal of polySia can lead to premature neuronal maturation (Petridis et al. 2004; Rockle et al. 2008) . Finally, this glycan influences cell signaling by increasing responses to a number of growth factors (Kanato et al. 2008; Ono et al. 2011 ). The latter effect may also be related to cell viability, as removal of polySia can increase apoptosis without affecting proliferation (Vutskits et al. 2006; Gascon et al. 2007a,b) .
PolySia is also expressed outside of the nervous system, most notably in the immune system, where it is carried by NCAM on human natural killer (NK) cells and murine myeloid cells (Drake et al. 2008) and by NRP2 on human and murine dendritic cells (Curreli et al. 2007 ). In some cases, polySia enhances the migration of these cells. In the mouse, NCAM-polySia is required for the mobilization of hematopoi- etic progenitors from the bone marrow to the thymus (Drake et al. 2009 ) and NRP2-polySia enhances CCL21-dependent migration (i.e., chemotaxis) of dendritic cells to secondary lymphoid organs (Bax et al. 2009; Rey-Gallardo et al. 2010 . PolySia is also found on many human tumors, including lung carcinomas, myelomas, neuroblastomas, gliomas and Wilm's tumor (Roth et al. 1988; Hildebrandt et al. 1998 ). In the context of cancer, polySia may promote invasion (Suzuki et al. 2005) , and in some cases, its expression has been correlated with tumor progression (Hildebrandt et al. 1998) . PolySia is also transiently expressed in the developing embryo (Rutishauser 2008) . With the exceptions noted above, expression of this glycan is lost in most adult organs. Overall, the published evidence suggests that polySia is critical to enhancing cell movement during periods of rapid growth, for example, as progenitors migrate great distances (Ono et al. 1994; Hu et al. 1996; Seki et al. 2007; Drake et al. 2009 ), and during tumorigenesis and metastasis (Komminoth et al. 1991) . In adults, this homopolymer may also regulate plasticity, promoting cell migration to new locations in response to environmental cues (Bax et al. 2009; Rey-Gallardo et al. 2010 .
Here, we provide evidence that polySia modulates human placentation, a developmental process that requires explosive growth, cellular plasticity and invasion. During placentation, trophoblast cells initiate and maintain a physical connection to the mother, setting up a nutrient/waste exchange system that supports embryonic/fetal development (Larsen 2001; Red-Horse et al. 2004) . Placental architecture at the histological level reveals how this connection is established ( Figure 1J ). Two trophoblast cell types, invasive cytotrophoblasts (iCTBs) and syncytiotrophoblasts (STBs), are derived from a common progenitor cytotrophoblast ( pCTB). In one developmental pathway, pCTBs fuse to form a multinucleate layer of STBs (i.e., syncytium), which covers the villi and mediates nutrient, oxygen and waste exchange between the maternal and the fetal blood. In the other pathway, pCTBs differentiate into iCTBs, forming columns of cells that migrate away from the placenta and invade the uterine wall. This results in an adhesive anchor between the mother and the embryo/fetus. Some iCTBs go on to remodel maternal uterine arterioles, replacing resident endothelial cells and widening the vessel bore, which increases blood flow to the placenta. Although iCTB penetration of the uterus resembles cancer cell invasion, this phenomenon is tightly regulated during normal pregnancy and iCTBs invade only as far as the inner third of the myometrium. Uncontrolled iCTB invasion can also occur, however, most notably in the form of trophoblast-derived tumors (e.g., choriocarcinomas). During invasion, iCTBs modulate the expression of cell adhesion molecules, downregulating epithelial markers-integrin α6β4 and epithelial cadherin-as they exit the villi, and upregulating endothelial markers-integrins αVβ3 and α1β1, vascular-endothelial cadherin and vascular-and platelet-endothelial cell adhesion molecules (VCAM-1 and PECAM-1)-as they enter the uterus (Red-Horse et al. 2004) . Glycosylation is also regulated as a function of differentiation. For example, integrin oligosaccharides (Moss et al. 1994 ) and L-selectin ligands (Prakobphol et al. 2006 ) are modulated during iCTB invasion.
Given polySia's ability to regulate cellular movement and plasticity, we investigated its involvement in the formation of the human maternal-fetal interface. First, we showed that this glycan is exclusively expressed by placental trophoblasts, an epithelial lineage, and that levels of polySia are regulated as a function of gestational age. PolySia is very abundant early in pregnancy and nearly absent at term. As to functional roles, removal of polySia diminished iCTB migration and invasion. Finally, we showed that polySia is overexpressed in biopsies from patients with gestational trophoblastic diseases (GTDs), ranging from benign moles to malignant choriocarcinomas. These novel findings demonstrated functional roles for polySia during human placental development.
Results
PolySia immunolocalized to several trophoblast subtypes and expression was regulated as a function of gestational age We localized polySia in placental biopsies with two wellcharacterized monoclonal antibodies (mAbs) that specifically recognize α2-8 linked sialic acid chains: 735 (Frosch et al. 1985) and 12F8. In first-trimester formalin-fixed, paraffinembedded samples, monoclonal antibodies (mAb) 735 reacted with STBs covering the chorionic villi, pCTBs and iCTBs in cell columns ( Figure 1A , cell column at higher magnification in Figure 1B ). Occasionally, weaker immunoreactivity was observed in the stromal compartments of villi. The same staining patterns were observed using mAb 12F8 and firsttrimester paraformaldehyde-fixed, frozen biopsies (Figure 1C, green) . By the end of the second trimester, both anti-polySia mAbs failed to stain syncytium and immunoreactivity was restricted to pCTBs, which are depleted as pregnancy advances ( Figure 1D and E, green). In contrast, immunoreactivity associated with extravillous iCTBs was observed beyond 15 weeks. Invasive CTBs in cell columns, which are transiently present during the first and the second trimesters as cells migrate into the uterus, also reacted with anti-polySia brown, while Golgi polySia was punctate and dark brown. (C-H) Placental sections were stained with an anti-cytokeratin 7 (KRT7) mAb (red, to visualize trophoblasts), DAPI (blue, to visualize nuclei) and the anti-polySia mAb 12F8 (green). (C-E) 12F8 reacted with STBs and underlying pCTBs. PolySia signal was highest in first-trimester samples (7-week, C) and declined in second-trimester biopsies (22-week, D) such that the glycan's expression was restricted to pCTBs at term (38-week, D). In cell columns (F), intense immunoreactivity was observed on iCTBs. In the uterus (G and H), staining was detected on some interstitial iCTBs (G) and endovascular iCTBs (H) that lined the uterine arterioles. Uterine natural killer (uNK) cells, which express NCAM, were also reactive with mAb 12F8. (A-H) Scale bars, 40 µM. (I) First-trimester, 7-week STB plasma membrane fractions, CTB lysates and MB preparations were separated by SDS-PAGE and treated with Endo N to remove polySia (right) or buffer alone (left) prior to immunoblotting with mAb 735. An identical blot was probed with anti-actin to demonstrate protein loading (bottom). (J) Diagrammatic representation of the localization pattern of human placental polySia. In floating chorionic villi, expression was restricted to pCTBs, STBs and iCTBs (green). In the uterus, polySia was detected on interstitial and endovascular iCTBs (green) and uNK cells (yellow).
Polysialic acid enhances human placentation ( Figure 1F , green). In addition, both mAbs reacted with iCTBs that invaded the uterus; signal was detected in association with some interstitial iCTBs ( Figure 1G ) and endovascular iCTBs that lined uterine spiral arterioles ( Figure 1H ). Cytokeratin 7 (KRT7)-negative uterine NK (uNK) cells that expressed NCAM also reacted, a result that is in accord with previous studies demonstrating that human NK cells carry polySia (Drake et al. 2008) . Immunoblotting with mAb 735 using mouse brain (MB) as a positive control confirmed that STBs and iCTBs expressed polySia ( Figure 1I ). Furthermore, expression was restricted to first-and second-trimester samples and not observed in term placentas (Supplementary data, Figure S1A ). Treatment with endoneuraminidase N (Endo N), which removes polySia, abrogated immunoreactivity on immunoblots ( Figure 1I and Supplementary data, Figure S1A ) and tissue sections (Supplementary data, Figure S1B ). Together, these results demonstrated that trophoblasts displayed polySia at the early stages of pregnancy and downregulated its expression as gestation advanced (summarized in Figure 1J ).
In trophoblasts, ST8SiaIV added polySia to N-linked carbohydrates To determine whether ST8SiaII or ST8SiaIV synthesized placental polySia, we interrogated gene expression profiling data from our laboratory ( Figure 2A ). ST8SiaII and ST8SiaIV mRNA levels were measured in CTBs isolated from villi ( pCTBs) or from iCTBs that migrated from villous explants. Both populations expressed ST8SiaIV (black bars), but not ST8SiaII (white bars).
Next, we investigated whether polySia was attached to its carrier protein(s) via an N-or O-linked glycan. Placental lysates were treated with peptide N-glycosidase F (PNGase F), which specifically removes N-linked carbohydrates. Control and enzymatically treated 7-week lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose blots that were subsequently probed with mAb 735 to detect polySia ( Figure 2B ). Immunoreactivity was completely abrogated by PNGase F treatment, suggesting that trophoblast polySia was attached via an N-linkage to its protein carrier (left blot). The mouse brain, which predominately expresses polySia N-linked to NCAM, served as a positive control (right blot). Together, these results provided evidence that ST8SiaIV added polySia to N-linked core carbohydrate structures in the human placenta. Trophoblast-specific expression of the two polysialyltransferase enzymes, ST8SiaII and ST8SiaIV, was determined by relative RNA quantification using the Affymetrix Gene ST 1.0 exon array platform. iCTBs; invasive cytotrophoblasts. pCTBs; progenitor cytotrophoblasts. (B) First-trimester, 7-week human placental lysates were treated with PNGase F, separated by SDS-PAGE and immunoblotted with anti-polySia mAb 735 (left). MB lysates were included as a positive control (right). The radial migration of explant-derived cells was quantified using a relative area index, which was defined as the area 144-172 h after plating (hatched lines) divided by the area of the initial leading front at 48 h (solid lines). Endo N treatment significantly reduced explant expansion by 60% (white bar) compared with the control (black bar), P < 0.0001 (****). Error bars represent standard deviation (SD).
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PolySia promoted iCTB migration in a human chorionic villous explant model To investigate whether polySia modulated migration, we used an in vitro organ culture system (Genbacev et al. 1992) . Anchoring chorionic villi were dissected from 5-to 8-week placentas and cultured on Matrigel-coated wells in the presence or absence of Endo N (Figure 3) . Preliminary experiments showed that optimal effects occurred when the enzyme was diluted 1:100 in Matrigel and 1:1000 in medium. Over several days, untreated control villi gave rise to iCTB outgrowths that migrated away from the villi ( Figure 3A ; top panels), a process that was inhibited by Endo N treatment ( Figure 3A; bottom panels) . A quantitative analysis of migration (from 48 to 144 h) demonstrated an 60% reduction in Endo N-treated cultures compared with untreated controls, P < 0.0001 ( Figure 3B) . Together, these results demonstrated that polySia promoted iCTB migration.
Removal of polySia reduced iCTB invasion Next, we investigated whether polySia promoted iCTB invasion in an in vitro assay (Hunkapiller and Fisher 2008) . Freshly isolated iCTBs were plated in the upper portions of Matrigel-coated transwell inserts ± Endo N. Preliminary experiments showed that optimal effects occurred when the enzyme was diluted 1:50 in Matrigel and 1:500 in medium. After 40 h, the invasion was quantified by counting the number of iCTBs that invaded the Matrigel and reached the underside of the filter (Figure 4) . Compared with untreated cultures (black bars), Endo N digestion (white bars) significantly reduced iCTB invasion, P < 0.01.
PolySia also promotes the viability of newly generated neurons and removal of polySia can induce apoptosis (Gascon et al. 2007a,b) . To ensure that the reduced migration and invasion were not attributable to apoptosis, we cultured iCTBs ± Endo N for 24 or 48 h and immunostained the cells for activated caspase 3 (CASP3) ( Figure 5 ). Enzyme levels that were used in the migration (1:100 Matrigel, 1:1000 medium) and invasion (1:50 Matrigel, 1:500 medium) assays did not induce apoptosis; however, some staining was observed in cultures that were treated with 2-to 4-fold higher concentrations (1:25 Matrigel, 1:250 medium). Together, these results demonstrated that removal of polySia diminished iCTB migration and invasion and that the observed reductions were not the result of cell death.
PolySia was overexpressed in biopsies from patients with GTDs
We hypothesized that polySia levels would be increased in placental pathologies that are characterized by uncontrolled trophoblast invasion (e.g., placental tumors). To address this question, we investigated polySia expression in the trophoblast-derived choriocarcinoma cell lines BeWo, JEG-3 and Jar (Ganapathy et al. 1999 ). BeWo and JEG-3 were isolated from cerebral metastases, while Jar was established from a placental site tumor. Immunostaining with the polySiaspecific mAb 12F8 showed that these cell lines stained brightly for polySia (Supplementary data, Figure S2 ).
Next, we investigated whether choriocarcinomas and other gestational trophoblastic tumors also stained for polySia. This diverse group of disorders arises from trophoblasts at various stages during the differentiation process. Some are benign (e.g., placental site nodules), while others present as Fig. 4 . Removal of polySia reduces CTB invasion. iCTBs (10-12 week gestational age) were monitored for their ability to invade Matrigel. Removal of polySia with Endo N (white) significantly reduced invasion compared with an untreated control (black), **P < 0.01. Error bars represent SD. . PolySia removal does not trigger apoptosis under the conditions that were used to quantify CTB migration and invasion. Primary iCTBs were seeded on Matrigel and exposed to different concentrations of Endo N or, as controls, were left untreated. Cells were grown for 24 or 48 h, paraformaldehyde-fixed and stained with anti-ACTIVE CASP3 Ab. The number of CASP3-positive/total cells was quantified. Endo N concentrations were as follows: (1) 1:100 in Matrigel, 1:1000 in medium (the concentration used in the migration experiments), (2) 1:50 in Matrigel, 1:500 in medium (the concentration used in the invasion experiments) and (3) 1:25 in Matrigel, 1:250 in medium.
Polysialic acid enhances human placentation aggressive cancers (e.g., choriocarcinomas, as well as placental site and epithelioid trophoblastic tumors). Some of these pathologies arise from hydatidiform moles, abnormal trophoblast growths that contain two paternal X-chromosomes. We immunostained tissue microarrays of tumor biopsies and compared the results with the staining patterns of first-trimester placentas ( Figure 6A ). The intensity of polySia immunoreactivity was scored in a blinded analysis, using a scale of 0 (no signal) to 3 (intense staining). The mean score for trophoblasts in biopsies of normal first-trimester placental tissue was 1. All the cells in the gestational trophoblastic tumors stained more intensely, averaging 1.5-2 ( Figure 6B ). Staining was not seen in necrotic regions. These data revealed that trophoblast transformation and uncontrolled invasion were associated with a significant increase in polySia levels (P < 0.001-0.01).
Discussion
This is the first description of trophoblast polySia and our results suggested that it functions during processes that are critical to human placentation. Immunolocalization experiments showed that iCTBs expressed polySia as they differentiated, migrated and invaded the uterus during the first half of pregnancy (Figure 1) . The results of our in vitro experiments suggested that polySia facilitates the en masse migration of iCTBs into cell columns (Figure 3 ) and that this glycan promotes iCTB invasion (Figure 4 ) but does not affect apoptosis ( Figure 5 ). Together, these findings resonate with a large body of literature demonstrating that polySia enhances the migration of neural (Ono et al. 1994; Hu et al. 1996; Seki et al. 2007 ) and immune (Drake et al. 2009 ) progenitors.
We also found that STBs, which cover the chorionic villi and respond to maternal cues via receptors for growth factorse.g., epidermal growth factor (Richards et al. 1983 )-expressed polySia during the early stages of placentation. Although we do not know the role of polySia on these cells, it is intriguing to speculate that STB-associated polySia might act as a web to capture small molecules (e.g., growth factors, hormones and cytokines), which are abundant at the maternal-fetal interface. Alternatively, polySia might facilitate pCTB detachment from the trophoblast basement membrane. Depending on the location, this could promote STB formation or pCTB transmigration through the STB layer, thereby promoting cell column formation.
This study adds to a body of literature describing polySia expression by cancer cells. Here, we screened a library of biopsies from gestational trophoblastic tumors in a tissue microarray format. Our results demonstrated that polySia was significantly overexpressed in malignant and benign tumors compared with biopsies of normal first-trimester placental bed sites ( Figure 6 ). These findings agree with previous reports that breast cancers and leukemia cells carried a high molecular weight glycoprotein bearing polySia (Martersteck et al. 1996) . Our data suggest that these glycans could promote migration and invasion of tumor cells.
Our work addresses aspects of the synthesis and the structure of polySia glycans carried by human trophoblasts. For example, we showed that ST8Sia4 was the relevant transferase ( Figure 2A) . We also provided evidence that polySia is added to N-linked carbohydrate structures ( Figure 2B ). Previously, we showed that trophoblast proteins carry other unusual glycans that have been implicated in tumorigenesis such as polylactosamine structures (McMaster et al. 1995; Lau et al. 2007 ). However, the protein backbone(s) that displays polySia on trophoblasts is unknown. NCAM, the best-described scaffold in other locations, is expressed by endovascular iCTBs that line uterine arterioles (Proll et al. 1996) , but is not found on trophoblasts that reside in the villi ( pCTBs and STBs) or iCTBs in cell columns, an observation confirmed by our microarray results. Interrogation of these data also failed to detect the expression of CD36, but showed low levels of mRNAs encoding the SynCAM isoforms. As part of ongoing analyses of VEGF effects on CTBs, immunostaining showed that these cells expressed NRP2 (data not shown). Since NRP2 (and also CD36) have been shown to contain polySia on O-linked glycans (Yabe et al. 2003; Curreli et al. 2007 ), the available data suggest that the scaffold may be a SynCAM isoform or a novel molecule.
In summary, our findings suggested important roles for polySia during human placentation. During the early stages of pregnancy, these glycans may serve as sinks for growth factors that promote trophoblast growth and differentiation. We also propose that under normal conditions placental polySia enhances iCTB migration and invasion through steric hindrance. Once the cells have reached their destination within the uterine wall, the glycan is downregulated. However, in pathological conditions involving unrestrained invasion, polySia expression is maintained and magnified. Thus, downregulation of polySia expression might be one of the elusive "stop" signals that circumscribe the uterine boundaries of CTB invasion. In this way, trophoblast polySia may regulate formation of the maternal-fetal interface.
Materials and methods

Placental collection
The University of California San Francisco Committee on Human Research approved this study and informed written consent was obtained from all participants. Normal placentas were donated by patients undergoing elective terminations of pregnancy (5-22 weeks) or from women who had uncomplicated deliveries at the University of California, San Francisco.
Immunolocalization
For histochemical detection, biopsies were fixed in 10% formalin for 24 h, transferred to 70% ethanol, paraffin-embedded and sectioned (5 µm). Sections were deparaffinized in xylene and rehydrated in a series of graded ethanol solutions. Endogenous peroxidase activity was blocked by incubation in 0.3% H 2 O 2 for 30 min at room temperature (RT). Signals from maternal IgG bound to fetal Fc receptors were blocked by incubation with goat or donkey anti-human IgG (1.0 µg/mL; Jackson ImmunoResearch; 1 h at RT). To block binding of immune IgG to unoccupied Fc receptors, samples were incubated in 1.5% serum from the species in which the secondary Ab was produced. Sections were incubated overnight (O/N) at 4°C with an anti-polySia mAb (735; 20 μg/mL; generously provided by Dr. Rita Gerardy-Schahn), which was detected with a species-specific, biotin-conjugated, secondary Ab (Jackson ImmunoResearch) and ABC-peroxidase (Vector Laboratories, Burlingame, CA). The reaction was visualized using 3,3-diaminobenzidine (DAB, Vector Laboratories) and sections were counterstained with hematoxylin. For controls, mouse IgG2a (BD Pharmingen) or phosphate buffered saline (PBS) was substituted for the primary antibody (Ab).
For fluorescence detection, biopsies were fixed in 3% paraformaldehyde, embedded in optimal cutting temperature (OCT) medium and frozen as previously described (Zhou et al. 2007 ). Then, they were cryosectioned (5 µm) and permeabilized with ice-cold methanol/acetone (2:1) for 5 min. Nonspecific reactivity was inhibited by incubating for 1 h in blocking buffer (1% bovine serum albumin [BSA], 0.1% fish gelatin, 0.1% Triton-X-100 and 0.05% . Then the tissue sections were incubated O/N at 4°C with the following mAbs (single or in combinations) diluted in blocking buffer: rat anti-polySia (12F8; 5 μg/mL; BD Pharmingen) or mouse anti-KRT7 (OV-TL 12/30; 1:100; Dako). Binding of primary Abs was detected with fluorescein isothiocyanate-or tetramethylrhodamine isothiocyanate-conjugated, species-specific, secondary Abs (Jackson ImmunoResearch). Some sections were preincubated with Endo N O/N at 37°C (1:500-1:1000 in PBS, pH 8.0; generously provided by Dr. Rita Gerardy-Schahn), an enzyme that specifically cleaves the α2-8 linkages of polySia. As controls, irrelevant rat IgM (BD Pharmingen), mouse IgG1 (BioLegend) or PBS was substituted for the primary Ab. Sections were mounted with 4′,6-diamidino-2-phenylindole (DAPI)-containing Vectashield (Vector Laboratories) and imaged with a Leica CTR5000 upright microscope.
Immunoblotting Mouse brain lysates were prepared as previously described (Drake et al. 2008) . Lysates of chorionic villi were prepared by homogenizing 2 mm 3 pieces of tissue in medium salt lysis buffer (20 mM Tris-Cl pH 8.0, 140 mM NaCl, 10% glycerol, 1% Nonidet P-40 (NP-40), 2 mM ethylenediaminetetraacetic acid (EDTA), 10 mM NaF, 0.1% SDS and proteinase inhibitor cocktail [Pierce]), followed by periodic vortexing on ice for 1 h. STB plasma membrane preparations were isolated as previously described (Smith et al. 1977 ) with minor modifications. Briefly, placental chorionic villi were manually dissected into 5-10 mm pieces, resuspended in ice-cold PBS containing a proteinase inhibitor cocktail (Pierce) and stirred for 1 h. The samples were passed through a 70 µm filter and the membrane fraction was isolated by a series of centrifugation steps: 1000 × g (10 min), 14,000 × g (20 min) and 100,000 × g (1 h). Pellets were resuspended in PBS and solubilized by repeated aspiration through a 26-gauge needle. iCTB lysates were prepared on ice with medium salt lysis buffer. Protein concentrations were determined using the Bradford assay (Bio-Rad, Hercules, CA). The samples were resuspended in NuPAGE lithium dodecyl sulfate (LDS) sample buffer (pH 8.4; Invitrogen) with NuPAGE reducing agent (Invitrogen), which contains 500 mM dithiothreitol (DTT), and then heated at 70°C for 10 min. The lysates were separated (40 µg/lane) on 4-12% Bis-Tris gradient gels in running buffer containing 3-(N-morpholino)propanesulfonic acid (MOPS) and sodium dodecyl sulfate (SDS) (Invitrogen) and transferred to nitrocellulose (Bio-Rad). In some cases, the membranes were preincubated with Endo N (1:500-1:1000 in PBS pH 8.0) O/N on a shaker at 37°C. Nonspecific reactivity was blocked by incubating the membranes for 1 h in PBS containing 0.05% Tween 20 (PBST) and 5% nonfat dried milk (blocking buffer). Then the blots were incubated O/N at 4°C with anti-polySia mAb 735 (1.4 µg/mL) or anti-β-actin (C4) (polyclonal; 1:1000; Santa Cruz Biotechnology) diluted in blocking buffer. After washing three times for 5 min in PBST, the transfers were incubated for 1 h at RT with the appropriate peroxidase-conjugated, species-specific, secondary Abs (1:2500; Jackson ImmunoResearch). Finally, they were washed three times for 5 min in PBST and Ab reactivity was detected with erythrina cristagalli lectin (ECL) Plus (GE Healthcare). In some cases, lysates were treated with PNGase F (NEB; McMaster et al. 1995) .
Polysialic acid enhances human placentation
Cell isolation and culturing CTBs were isolated from first-or second-trimester human placentas by published methods (Hunkapiller and Fisher 2008) . Briefly, placentas were subjected to a series of enzymatic digests to remove STBs and to detach pCTBs from the stromal cores of the chorionic villi. Then, the cells were purified over a Percoll gradient and resuspended in serum-free medium containing ITS: Dulbecco's modified Eagle's medium (DMEM), 4.5 g/L glucose (Sigma-Aldrich) with 2% Nutridoma (Boehringer Mannheim Biochemicals), 1% penicillin/streptomycin, 1% sodium pyruvate, 1% HEPES and 1% gentamicin (UCSF Cell Culture Facility). Isolated CTBs (2.5 × 10 5 cells in 250 µL serum-free medium) or choriocarcinoma cells (1 × 10 5 cells in 250 µL MEM supplemented with 10% fetal calf serum) were cultured on Matrigel-coated (BD Biosciences) tissue culture plates or cover slips for 24-48 h.
Villous explant culture as a measure of CTB migration Using methods developed in our laboratory (Genbacev et al. 1992; Hunkapiller and Fisher 2008) , human placental villous explants were cultured on undiluted Matrigel (BD Biosciences) in the presence or absence of Endo N (1:100 [vol/vol] in Matrigel, 1:1000 [vol/vol] in medium). Briefly, cell columns were isolated by manual dissection and plated on the Matrigel substrates. The medium was refreshed daily and phase contrast photographs were taken at regular intervals using a Nikon Eclipse TE2000-S microscope. Explants were maintained for a minimum of 1 week. Outgrowths were quantified using the Adobe Illustrator software with an area index defined as the area 144 or 168 h after plating divided by the initial area of the leading front at 48 h. Area index values were expressed in relative units and the mean control area index was set to 100%. Each experiment was performed with two to three explants per condition, and repeated with five placentas between the gestational ages of 5 and 8 weeks. The data were analyzed with an unpaired Student's t-test using the InStat statistical software.
Quantifying cytotrophoblast invasion
Transwell inserts (8 µm pore size, Corning Costar) were coated by incubating with 8 µL of diluted Matrigel (2:1 v/v in serum-free medium BD Biosciences) for 30 min at 37°C. CTBs (2.5 × 10 5 cells in 250 µL serum-free media) were added to the upper compartments and the inserts were placed in 24-well plates that contained 600 µL medium ± Endo N (1:50 [vol/vol] in Matrigel, 1:500 [vol/vol] in medium). The cells were incubated for 40 h at 37°C, washed in PBS and fixed with 3% paraformaldehyde. Invasion was quantified by microscopy; iCTBs that reached the underside of the filter were labeled with anti-KRT7 mAb as previously described, and counted in five randomly chosen fields. Invasion was expressed as a percentage of control values set to 100%. Each experiment was performed with four replicates per condition, and repeated with CTBs isolated from four placentas. One-way analysis of variance (ANOVA) followed by Tukey's posthoc comparison tests was performed using the InStat statistical software.
Quantifying apoptosis
Freshly isolated iCTBs cultured on Matrigel, primary placental fibroblasts propagated on gelatin and A549 lung adenocarcinoma cells grown on tissue culture-treated plates were exposed to Endo N or medium alone (n = 2 CTB preparations from different placentas/treatment group). Primary placental fibroblasts and the A549 cell line, which do not express polySia, were used to control for apoptosis. Endo N concentrations (vol/vol) were as follows: (1) 1:100 in Matrigel, 1:1000 in medium, (2) 1:50 in Matrigel, 1:500 in medium and (3) 1:25 in Matrigel, 1:250 in medium. Cells were cultured for 24 or 48 h and fixed in 3% paraformaldehyde. Immunofluorescence was performed as previously described with rabbit anti-ACTIVE CASP3 ( polyclonal; 1:250; Promega) and the number of positive/total cells was quantified. One-way ANOVA followed by Tukey's posthoc comparisons tests was performed using the InStat statistical software.
Tissue microarrays for analyzing polySia expression by GTD tumors Tissue microarrays were prepared as previously described (Ueda et al. 2009 ). Briefly, paraffin-embedded biopsies of tumors and normal placentas were retrieved from the archival files in the Department of Pathology at the Johns Hopkins Hospital and arranged into microarrays. Three representative cores (1.5 mm diameter) from each biopsy were included. All cases were anonymous and the use of archival tissues was approved by the Institutional Review Board. Immunohistochemistry with mAb 735 or a mouse IgG2a isotype control Ab was performed as previously described. Staining intensity was scored by Dr. Ie-Ming Shih in a subset of the biopsies (n = 4-30/group) by light microscopy according to the following system: 0-detectable, 0.5-very weak, 1-weak, 2-moderate and 3-bright. The data were analyzed by one-way ANOVA followed by Tukey's post hoc comparisons tests performed using the InStat statistical software.
Supplementary data
Supplementary data for this article is available online at http://glycob.oxfordjournals.org/.
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